The immune and nervous systems are closely interrelated through their messenger molecules: cytokines, hormones and nitric oxide. There are sex differences in the magnitude of the inflammatory response and one of the mechanism by which female sex steroids modulate the inflammatory response could be through the hypothalamo-pituitary-adrenal axe (HPA axes). In this study, we aimed to investigate the inter-relationship between the different levels of estradiol hormone and the different inflammatory stimuli on the HPA axis response, and the role of interleukin 6 (IL6) and nitric oxide (NO). This was achieved by using 100 female albino rats divided in to 3 main groups: The first group was the sham group, which was used to test the effect of all sham procedures used in the study. The two other groups represented the two inflammatory states: local (induced by formaline injection) and systemic (cecal ligation and puncture: CLP). Under each inflammatory state, the effect of intact ovary, estradiol treated ovariectomy and placebo treated ovariectomy were studied. HPA responses were evaluated, 24 hours after the sham or the inflammatory procedure, through the measurement of the plasma levels of Corticotropin-releasing Hormone (CRH), adrenocorticotropes Hormone (ACTH) and cortisol. Both IL6 and nitrite were also measured.We found that high physiological levels of estradiol reduced the enhanced HPA response induced by different inflammatory mediators during systemic and local inflammation. With significant enhancement of the HPA response observed mainly during local inflammation. We conclude that both the levels of estradiol hormone and the type of inflammation seem to play an important determining role on HPA response. IL6 and NO play important roles that could explain the previous findings.
INTRODUCTION
Despite recent advances in medicine, Systemic Inflammatory Response Syndrome (SIRS) remains one of the leading immediate causes of death in critically ill patients [1] [2] [3] .
The acute phase and chronic phase of SIRS are very different in terms of the metabolic and endocrine responses [4] . The metabolic adaptations result in an increased availability of glucose, free fatty acids and amino acids as substrates for vital organs such as the immune system. These changes have consistently been considered to be adaptive and beneficial, as they may postpone anabolism and, at the same time, activate the immune response [5] . In the last decade, many efforts have been made to further understand the neuroendocrine characteristics of stress and it has appeared that the acute phase is mainly characterised by an actively secreting anterior pituitary gland. While this has been documented for all hypothalamic-pituitary-dependent axes, the focus of our re-search was on HP adrenal cortex axes, which is the site of action that brought about biochemical changes in response to severe stress with the release of corticotrophin-releasing hormone (CRH) from the hypothalamus and activation of the adreno corticotrophic hormone (ACTH) in the anterior pituitary, which moves to the adrenal cortex and stimulates the production of cortisol [6] . The previous studies clearly implicate the role of HPA as immunoregulator during different stress stimuli, whether inflammatory, traumatic or psychological, and that cytokines and other humoral mediators of inflammation are potent activators of the central stress response, constituting the afferent limb of a feedback loop through which the immune/inflammatory system and the CNS communicate [7, 8] .
Gender differences in the incidence and lethality of SIRS have been reported [9, 10] .
However, the controversial results of the previous studies addressing the gender differences in stress induced HPA response could be very confusing making it difficult to clearly identify the role of sex hormones in the pathophysiology of SIRS [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Our aim was to investigate the effects of the different estradiol levels and the type of stress on HPA response, and the role of centrally (brain and pituitary) and peripherally formed IL6 and the centrally formed nitric oxide on the stress induced HPA response.
MATERIALS AND METHODS

Animals
After obtaining approval from the Kasr El Aini Animal Care Committee, we used 100 female Lewis rats from the animal house in Kasr El Aini faculty of medicine for the experiments (body weight: 220 -240 g). The animals were housed in chip-bedded cages and, prior to experiments, acclimated for 1 week in the air conditioned institutional animal care unit. They were housed under 12 hour light/dark cycles, with free access to water and standard rat chow.
Experimental Groups
Female albino rats were divided in to 3 main groups: group I. Sham female rats (n = 40), which were sub-divided in to 2 main subgroups: subgroup Ia. Sham cecal ligation and puncture (sham CLP) (n = 20), which was divided in to 2 types: Ia 1 without sham ovariectomy (−sham OVX); Ia 2 with sham ovariectomy (+sham OVX), and subgroup Ib. Sham local inflammation (sham LI)(n = 20), which was also di-vided in to 2 types: Ib 1 without sham ovariectomy (−sham OVX); Ib 2 with sham ovariectomy(+sham OVX). Female rats in group II (n = 30) were subjected to cecal ligation and puncture (CLP), and subdivided in to 3 main subgroups: subgroup IIa female rats with intact ovary and subjected to CLP (CLP) (n = 10), subgroup IIb. ovariectomized female rats received placebo treatment sesame oil replacement (Misr CO. for pharm. Ind., Cairo, Egypt) ( ≈ 500 µl SC each day) 3 weeks before subjection to cecal ligation and puncture (OVX + oil + CLP) (n = 10) and subgroup IIc. Ovariectomized female rats received estradiol replace-ment (Misr CO. for pharm. Ind., Cairo, Egypt) 4 µg/100 g body weight of estradiol benzoate (EB) in sesame oil SC each day for 3 weeks before induction of cecal ligation and puncture (OVX + E2 + CLP) (n = 10). Female rats in group III (n = 30) were subjected to local inflammation (LI), and subdivided in to 3 main subgroups: subgroup IIIa. Female rats with intact ovary and subjected to local inflammation (LI) (n = 10), subgroup IIIb: ovariectomized female rats received placebo treatment sesame oil replacement (Misr CO. for pharm. Ind., Cairo, Egypt) (≈500 µl SC each day) 3 weeks before subjection to Local inflammation (OVX + oil + LI) (n = 10) and subgroup IIIc. ovariectomized female rats received estradiol replacement :-(Misr CO. for pharm. Ind., Cairo, Egypt) 4 µg/100g body weight of estradiol benzoate (EB) in sesame oil SC each day for 3 weeks before induction of Local inflammation (OVX + E2 + LI) (n = 10). The dose of estradiol treatment was chosen according to Suzuki and Handa [21] .
General Protocol
The sham ovariectomized female rats were subjected only to a midline ventral laparotomy 3 weeks before sham CLP or sham LI. In the ovariectomized female rats the bilateral ovaries were located and excised through a midventral incision under anesthesia with ketamine (100 mg/kg) (Amoun pharmaceutical Co. for pharm Ind., Cairo, Egypt) and xylazine (2.5 mg/kg) (Amoun pharmaceutical Co. for pharm Ind., Cairo, Egypt) intra-peritoneal (i.p.) [22, 23] .
The cecal ligation and puncture (CLP) was carried out under anesthesia with ketamine (100 mg/kg) and xylazine (2.5 mg/kg) (Amoun pharmaceutical Co. for pharm Ind., Cairo, Egypt) i.p. After shaving and disinfection, a 2-cm-long median laparotomy was performed above the symphysis with exposure and isolation of the cecum. The cecum was tied off 1 cm from the end and punctured with a single hole by using a 21-gauge needle. Within the sham CLP animals were only subjected to a midline ventral laparotomy and cecum manipulation [22] .
The local inflammation (LI) was carried out under anesthesia with ketamine (100 mg/kg) (Amoun pharmaceutical Co. for pharm Ind., Cairo, Egypt) and xylazine (2.5 mg/kg) (Amoun pharmaceutical Co. for pharm Ind., Cairo, Egypt) i.p., after which animals received an intraplantar injection of 0.1 ml 5% formalin freshly diluted in 0.9% isotonic sterile saline in the right hind paw. In sham LI, the female rats were injected with normal saline (0.2 ml) on the right hind paw [24] (Figure 1) .
Twenty four hours after induction of either cecal ligation and puncture or local inflammation, blood samples were taken to measure the plasma levels of estradiol, CRH, ACTH, cortisol and IL6. After which the rats were decapitated and the parietal bone were cut out with scissors, whole brain tissue was gently removed, the optic chiasma was located as land mark for pituitary gland, which lies in sella turcica. Both brain and pituitary tissues were frozen separately for further homogenous and chemical measurements of IL6. 
Tissue Homogenization
A portion of the brain and pituitary tissues were homogenized for testing in IL6. Homogenization was performed after the tissue samples had been diluted in 5 volume of homogenate buffer [10 mM HEPES (pH 7.9), 10 mM KCL, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM phenylmethanesulfonyl fluoride] (all reagents were purchased from Sigma-Aldrich, St. Louis, MO, USA )using a vertishear tissue homogenizer. Brain and pituitary homogenates were centrifuged at 3000 g for 15 min at 4˚C. The supernatants were subsequently stored at -80˚C.
Measurement of IL6
Venous blood samples were collected from all rats; plasma was separated and stored at -70˚C until analysis. Time of sampling was between (12:00-13:00 P.M.) Commercially available ELISA kits provided by USCNLIFE Company; Wuhan 430079, CHINA were used for hormonal estimations [estradiol, CRH, ACTH and cortisol] and ELISA kits provided by camarillo; California 93012, USA were used for IL6 measurement in the plasma and supernatants obtained by brain tissue homogenization
Measurement of Nitrite
We used the Griess Reagent System to measure brain and pituitary nitrite ( 2 ), which is one of two primary stable and nonvolatile breakdown products of nitric oxide (NO), by using the commercial available colorimetric assay kit supplied by Alexis Biochemicals Company, San Diego, CA. 92121 United States. 
Statistical Analysis
The results are given as means ± standard deviation (SD). Results were analyzed by using the software Prism 5 (GraphPad Software, La Jolla, CA, USA). First, data were tested for normal distribution by using the Kolmogorov-Smirnov test. If normal distribution was established, one-way analysis of variance (ANOVA) was performed. If significant differences appeared, a post hoc analysis with the Newman-Keuls multiple comparison test was conducted. The investigations of values in multifactorial design were examined by means of two-way analysis of variance (two-way repeated-measures ANOVA). A value of p < 0.05 was considered statistically significant.
RESULTS
The Plasma Levels of Estradiol, CRH, ACTH and Cortisol
In comparison to the corresponding sham subgroups, we found that both non ovariectomized and ovariectomized female rats subjected to either CLP and LI showed significant decrease (p < 0.05) in the level of estradiol with significant increases (p < 0.05) in the levels of CRH, ACTH and cortisol. [CLP: non ovariectomized E2 (pg/ml) 19 ± 2.3 vs. 27, 25 ± 3, CRH (pg/ml) 3.6 ± 0.6 vs. 1.8 ± 0.8, ACTH (pg/ml) 246.8 ± 14.5 vs. 161.2 ± 7.9, cortisol (pg/ml) 28.4 ± 4.5 vs. 11.6 ± 3.1; Ovariectomized E2 (pg/ml) 5.06 ± 2.1 vs. 28.2 ± 2.8, CRH (pg/ml) 4.9 ± 2.1 vs. 3.6 ± 1, ACTH (pg/ml) 269.8 ± 13.9 vs. 163.2 ± 7.9, cortisol (pg/ml) 27.6 ± 5.9 vs. 12.7 ± 3.1] [LI: non ovariectomized E2 (pg/ml) 15.9 ± 0.9 vs. 28.2 ± 3, CRH (pg/ml) 6.61 ± 1.6 vs 2.8 ± 0.8, ACTH (pg/ml) 266.7 ± 7.3 vs. 162.2 ± 7.9, cortisol (pg/ml) 35.6 ± 6.5 vs. 12.7 ± 3.1; Ovariectomized E2 (pg/ml) 5.8 ± 3.07 vs. 27.8 ± 3.2, CRH (pg/ml) 6.9 ± 1.8 vs. 2.7 ± 0.8, ACTH (pg/ml) 300.1 ± 10.4 vs. 161.7 ± 6,6, cortisol (pg/ml) 40.58 ± 4.5 vs. 11.5 ± 2.7] (Tables 1 and 2) .
However, estradiol replacement after ovariectomy succeded in inducing significant increase (p < 0.05) in the level of estradiol associated with significant decreases (p < 0.05) in the levels of CRH, ACTH and cortisol in comparison to placebo treated ovariectomized female rats after systemic or local inflammation. [CLP: E2 (pg/ml) 33.5 ± 5.3, CRH (pg/ml) 1.4 ± 0.8, ACTH (pg/ml) 185.3 ± 4.7, cortisol (pg/ml) 22.8 ± 2.1] [LI: E2 (pg/ml) 28 ± 3.8, CRH (pg/ml) 2.2 ± 1.6, ACTH (pg/ml) 190.5 ± 6.4, cortisol (pg/ml) 24.5 ± 2.7] (Tables 1 and 2) .
When we compared different CLP subgroups to corresponding subgroups subjected to LI, we noted an enhancement of HPA response during LI in comparison to CLP, in which the levels of CRH, ACTH and cortisol significantly increased (p < 0.05). [CRH (pg/ml): non ovariectomized 6.6 ± 1.6 vs. 3.6 ± 0.6, ovariectomized 6.9 ± 1.8 vs. 4.9 ± 2.1, estradiol treated ovariectomized 2.2 ± 1.6 vs. 1.4 ± 0.8; ACTH (pg/ml): non ovariectomized 266.7 ± 7.3 vs. 246.8 ± 14.5, ovariectomized 300.1 ± 10.4 vs. 269.8 ± 13.9; Cortisol (pg/ml): non ova-riectomized 35.6 ± 6.5 vs. 28.4 ± 4.510, ovariectomized 40.5 ± 4.5 vs. 27.6 ± 5.9, estradiol treated ovariectomized 24.5 ± 2.7 vs. 22.8 ± 2.1] (Figures 2 (a)-(c) ).
IL6 (Serum, Brain, Pituitary)
We found that there were significant increases (p < 0.05) (Tables 1 and 2) .
In addition, we found that E2 replacemt after ovariectomy was associated with significant decreases (p < (Tables 1 and 2) .
When we compared different CLP subgroups to corresponding subgroups subjected to LI, we found that there were significant increases (p < 0. (Figures 3 (a)-(c) ).
Nitrite (Brain, Pituitary)
We found that there was significant increase (p < 0.05) in the brain nitrite level in non ovariectomized and ovariectomized female rats subjected to either CLP or LI in comparison to corresponding sham subgroups [CLP: non ovariectomized brain nitrite (pg/ml) 271.3 ± 24.5 vs. 164 ± 8.5; Ovariectomized brain nitrite (pg/ml) 271.3 ± 24.5 vs 190.9 ± 12.4] [LI: non ovariectomized brain nitrite (pg/ml) 248.7 ± 43.7 vs. 165 ± 8.5; Ovariectomized brain nitrite (pg/ml) 258 vs. 24.7] (Tables 1 and 2) .
In addition, we found that E2 replacemt after ovariectomy was associated with significant decreases (p < 0.05) in the levels of brain nitrite in comparison to placebo treated ovariectomized female rats after systemic or local inflammation. [Estradiol treated CLP: brain nitrite (pg/ml) 221.2 ± 15.4] [Estradiol treated LI: brain nitrite (pg/ml) 206 ± 36.5] (Tables 1 and 2) .
When we compared different CLP subgroups to corresponding subgroups subjected to LI, we found that there was significant increase (p < 0.05) in the level of pituitary nitrite with local inflammation in comparison to (Figure 4 (a)-(b) ).
DISCUSSION
In our study, we found that both the level of estradiol hormone and the type of inflammation (stress) could play an important role in the degree of HPA response. Regarding the level of estradiol hormone, we found that in both CLP and LI the reduced level of estradiol induced by stress (inflammation) or surgical ovariectomy was associated with increases in the plasma levels of CRH, ACTH and Cortisol. Meanwhile, estradiol replacement after ovariectomy induced significant increase in estradiol to certain physiological level, which was associated with significant decreases in the plasma levels of CRH,
ACTH and Cortisol.
Previous studies demonstrated that the stress released hormones such as CRH, vasopressin and glucocorticoids could inhibit the gonadal steroid production [25] . With low level of estradiol the other inflammatory mediators take the upper hand over sex hormones on the HPA response resulting in stimulatory effects at the level of hypothalamic CRF release or directly on the pituitary itself to stimulate ACTH secretion [26, 27] . In addition, previous studies demonstrated that castration enhances the ACTH and corticosterone response to IL-1ß and lipopolysaccharide (LPS) and this was reversed by E2 replacement [28] [29] [30] [31] . However, our study differ in that we used not only CLP model, which appears to be the best existing alternative for emulating human polymicrobial sepsis to date and could mimic the pathophysiologic consequences of sepsis [32, 33] , but also local inflammation as many studies have been largely restricted to the HPA response to LPS. However, it is doubtful that LPS activation of the HPA axis can be viewed as a general model by which infectious/inflammatory insults influence neuroendocrine activity [34] . Another difference inour studies is that we evaluated the HPA response by the measurement of the plasma levels of CRH, ACTH and cortisol instead of the measurement of the tissue content of CRH and ACTH, which may not well reflect the rapidly releasable pool of these hormones, which is the more important parameter in acute hormonal responses. This is because tissue contents of hormones, in general, represent a difference between an increase by synthesis and a decrease by release, which thus raises the possibility that similar hormonal contents in different experimental groups could result if both the synthesis and release are altered to a similar degree but in an opposite direction [28, 30, 35, 36] .
In contrast to our study, Watanobe and Yoneda [35] found that OVX significantly diminished the LPS-induced ACTH release, and that this effect was completely abolished by supplementing E 2 suggesting that estrogen actually promotes inflammatory induced stress response. In addition, Nappi et al. [37] reported that CRH gene was highly expressed in the parvocellular subdivision of the paraventricular nucleus during the morning of proes-trus (higher sex hormones) compared with diestrous females (lower sex hormones) subjected to systemic injection of LPS. Lunga and Herbert [38] showed also that basal and stress-activated corticosterone levels have been shown to vary across the oestrous cycle, being at their maximal during the proestrous phase when circulating E2 levels are high. Those discrepancies between our results and previous results could be due to differences in experimental circumstances, species and the concentration of estradiol reached after ovariectomy and achieved by treatment.
To our knowledge, our study is the first that compare the effects of CLP and LI on HPA response with different estradiol levels. We found that LI is associated with enhancement of HPA response in comparison to CLP. This could suggest that mechanism involved in HPA enhancement differ between LI and CLP. This could support both , who showed that the immediate response to intra-plantar formalin (phase 1) results from the stimulation of primary afferent nociceptors, whereas the latter response, phase 2, is generated by a reduced but continuing stimulation of peripheral nociceptors, and activation of inflammatory mediators, and that both phases have an effect on the HPA response during local inflammation. For this reason, our second aim was to measure central and peripheral formed IL6, which plays a major role in endotoxin-induced stimulation of the HPA axis, as indicated by the fact that antibodies against IL6 almost completely block the HPA response to endotoxin [40] [41] [42] , and central formed nitrite (as an indicator of NO production). We wanted to see if there are differences in IL6 and NO production with different estradiol levels and different type of inflammation that could explain the previous observed differences in HPA responses. We found that low physiological level of estradiol induced by stress and surgical ovariectomy associated with significant increases in serum and pituitary IL6 both in LI and CLP. However, estradiol replacement after ovariectomy succeded to increase estradiol to certain physiological level associated with significant lowering of serum, pituitary and brain IL6.
Our finding support previous studies, which showed relation between estradiol and IL6, such as Chiu et al. [43] , who observed a negative correlation between circulating IL6 and E2 concentrations during the normal menstrual cycle. Moreover, Puder et al. [44] demonstrated that E2 attenuates the endotoxin-induced stimulation of IL6, and TNF-alpha release in the postmenopausal women.
The exact mechanisms by which estrogen interferes with cytokine activity are still incompletely known but may potentially include interactions of the estrdiol receptor (ER) with other transcription factors, modulation of IL6 promoter and nitric oxide activity, an anti-oxidative effect, a plasma membrane action, and changes in immune cell function [45, 46] .
In addition, we found that low physiological level of estradiol associated with significant increases in the brain nitrite, and significant lowering of the brain nitrite was achieved after estradiol replacement. These findings could suggest the enhancement of NO induced stimulation of HPA axis during inflammation, as indicated by Puder et al. [44] , who suggested that the endogenous NO seems to restrain the HPA response to inflammatory stimuli. Uribe et al. [47] found also a temporal correlation between endotoxin-induced activation of the HPA axis and stimulation of neuronal NO synthase in the paraventricular nucleus of the hypothalamus. Although, previous studies demonstrated the inhibitory effect of estrogen on NO productions [45, 48] our study is the first to our knowledge that showed the inhibitory effect of high physiological level of estradiol on NO production during local and systemic inflammation. The mechanism by which estradiol has differential effects on the different NO synthase isoforms is not well understood. Both nuclear and extra-nuclear pathways are used by estradiol to affect the NOS isoforms. However, the inhibitory effect of estradiol on iNOS may be due to the inhibition of cytokines production [49] .
We found also significant differences between CLP and LI in central produced nitrite and IL6 (brain and pituitary), with higher production associated with LI. This finding could partial explain the previous noted LI induced higher HPA response and support the important role of central formed NO and Il6 on HPA response during local inflammation. However, we could not exclude the involvement of other factors such as the nociceptive afferent fiber [8, 34] in the differences between local inflammation and systemic inflammation induced HPA axis responses. However, we were surprised that central rather than peripheral formed IL6 showed significant difference during local inflammation, this observation raise an important question that need further investigation: whether the peripheral inflammatory mediators or the neural afferent stimulation is responsible for the observed enhanced central inflammation during local inflammation?
CONCLUSION
From our study, we suggest that both estradiol level and the type of stress are important determinant factors for HPA response, and their effects on HPA could be mediated through IL6 and NO. However, further molecular study will provide additional mechanistic information and further support for the conclusions derived in this study.
